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VACUUM HOT-PRESSING OF MA;NEsIUM ALUMINATE 

By' Donald R. Rummler 

SUMMARY 

!Phe purposes of t h i s  investigation were t o  (1) elcarnine the applicclr 

b i l i t y  of a phenomenological rate equation for  hot-pressing and (2) charao 

ter ize  the densification behavior of magnesium aluninarte during hot-pressing. 

I n  order t o  accomplish these objectives, the densification kinetics of 

magnesium aluminate powder compacts during vacuum ho-trpressing were studied 

between1175"and 1460" C and from 500 t o  5100 psi. 

The proposed rate  equation, which t reats  porosity as a functionally 

independent variable, is  analogous t o  several relationships which have 

been proposed f o r  unconstrained creep. 

porosity as an independent variable is reasonable and does not functionally 

res t r ic t  porosity as a modifier of the applfed stress. 

It is s h m  that the treatment of 

Below 1350" C the densification characteristics of magnesium aluminate 

were similar to  those reported fo r  other oxide systems. 

neither diffisional creep nor plast ic  f lmr models for hot-pressing adequately 

described the densification behavior observed. 

suggests a logarithmic relationship between s t ra in  ra te  and porosity, 

provided an excellent description of the observed densification. The 

s t ra in  ra te  dependence on porosity was found to  decrease at a porosity of 

approximately 0.15. 

slt;rongly influenced by s t ress  or  temperature. 

Above 1350" C 

The rate equation, which 

The observed change i n  porosity dependence was not 



Between 1350" and 1450" C the apparent activation energy for densifica- 

tion was found to be stress dependent. 

stress dependence of the densification rate and an interaction between 

stress and porosity indicated that plastic flow by dislocation motion was 

probably an operative mechanism during densification. 

At 14509 C an increase in the 

INTRODUCTION 

Recently there has been increased interest in magnesium aluminate 

(MgU2O4) as a possible candidate material for high temperature structural 

applications. 

magnesium aluminate (spinel) is isotropic and possesses the multiplicity 

of- slip systems which are necessary for generalized plastic deformation 

in a polycrystalline body. Although spinel has a potential for ductile 

behavior at elevated temperature, its structural performance is highly 

sensitive to the same microstructural variables which affect other ceramic 

materials; i.e., porosity and grain size. 

porosity and grain size has led to the current interest in ho+pressing as 

a fabrication process for ceramic materials. 

the fabrication of powder compacts which have low porosity and small grain 

size, both desirable microstructural features. 

In addition to being chemically aad thermally stable, 

The desire to control both 

Hot-pressing makes possible 

Unfortunately the mechanism or mechanisms which control densification 

during hohpressing are not explicitly understood. 

and 2) and stress-enhanced volume diffusion (refs. 3 and 4) have both been 

Plastic flow (refs. 1 

suggested as material transport mechanisms during the final stages of 

densification. A relationship which combines plastic flow and diffbsion 
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models and includes the consideration of grain growth during hot-pressing 

has also been suggested (ref. 5 ) .  

consideration of different phenomena, they all predict a linear relationship 

between the rate of densification and the applied stress. 

all consider porosity as the dependent variable. 

Although these models stern from 

In addition they 

Recently a phenomenological rate equation for hot-pressing has been 

suggested by Kriegel, Palmour, and Choi (ref. 6) .  The rate equation treats 

porosity as a flmctionally independent variable and is analogous t o  several 

relationships which have been proposed for unconstrained creep. In addition, 

it does not exclude a nonlinear densification ratestress dependency. 

The purposes of this investigation were to (I) characterize the 

densification behavior of magnesium aluminate during vacuum hot-pressing 

and (2) examine the applicability of the phenomenological rate equation 

for hot+pressing proposed by Kriegel, et al. 

objectives, the densification kinetics of magnesium aluminate powder 

compacts were studied by vacum hotrpressing between 1175" and 1460" C 

and from 500 to 5100 psi. 

In order to accomplish these 

SYMBOLS 

A 

e 

experimentally determined constant 

multiple regression intercept 

constants 

relative density 

strain based on original compact height 
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. e 
k 

K 

m 

n 

P 

Q 
R 

t 

T 

E 

b 

E 

Q e 
Subscript 

av 

loglo 2.718 = 0.4343 

densification rate constant 

experimentally determined porosity exponent 

experimentally determined stress exponent 

instantaneous volume fraction porosity 

initial volume fraction porosity 

apparent activation energy for densification, cal/mole 

universal gas constant, 1.986 cal/*K 

time, minutes 

temperature, "K 

porosity exponent constants 

strain based on instantaneous height 
de z, min-' 
normal applied stress, psi 

effective stress, psi 

average 

PROCEDURE 

Material 

The fine grain (= 0.311) magnesiwn aluminate used in this investigation 

was approximately 98.5 percent pure with a slight excess of magnesia 
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(Mg0:Al 0 -1.1). The powder was prepared by reacting alumina trihydrate 

and magnesium hydroxide in  the presence of aluminum fluoride (ref. 7) and 

was obtained f r o m  Alumirmm Laboratories Limited, Box 250, Arvida, P. Q., 

Canada. 

2 3- 

Apparatus 

A vacuum furnace and graphite punches and dies i n  conjunction with a 

screw-powered universal testing machine were uti l ized for  hot-pressing. 

The furnace had a tungsten mesh resistance heating element and metallic 

heat shields. 

below 5 x 

5 percent rhenium/tungsten - 26 percent rhenium thermocouple i n  close 

The furnace pumping system maintained the chamber pressure 

torr  during a l l  experiments. A tantalum shielded tungsten - 

proximity t o  the ho+-pressing die was used t o  control temperature. 

of the long-term instabi l i ty  of tungsten based themocouples, the reported 

pressing temperatures were determined with a micro-optical pyrometer sighted 

on the graphite die body. 

Because 

Temperature differences between the exberior and 

interior w a l l s  of the graphite die and temperatwe variation of the &e wall. 

exterior in  the vicinity of the compact were found to  be insignificant after 

equilibrium had been established. 

the graphite punches by water-cooled stainless s tee l  push rods. 

rods were sealed by metallic bellows and rigidly attached t o  the platens 

of the 10,000 pound capacity universal scras;pawered testing machine. 

bellows spring constant was found t o  be negligible. 

i n  order t o  achieve double-acting punch response. 

The pressing loads were transmitted to 

These 

The 

The die was unrestrained 
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The displacement of the moving punch was sensed by a linear m i a b l e  

differential transformer (LVMI) and continuously recorded on a modified 

s t r i p  chart recorder. The chart paper advance, normally the time axis of 

the recorder, responded t o  the output signal of the L W .  

recording system was found t o  be linear throughout the O.%inch range of 

the LvMl and capable of detecting a displacement of 5 X lo+ inches. The 

punch load was recorded on the other axis of the recorder. A timing mark 

was electrically superhposed on the load a x i s  every minute. 

The displacement 

The dies (2 inches O.D. and 0.5 inch I.D.) and punches were machined 

from dense, fins-grain, law-ash graphite. A loose sliding f i t  was estab- 

lished between the punches and die t o  allar removal of residual gases i n  

the spinel powder during hotrpressing. 

were used t o  separate the punch faces from the spinel powder and t o  protect 

the punch faces from the minor surface reaction which was observed a t  the 

higher pressing temperatures. 

Thin (0.01 inch) graphite spacers 

Ho+-Pressing Procedure 

The graphite die was  charged with 3.60 g of dry spinel powder and the 
I 

L 
powder I slowly coltbpressed t o  1500 psi. The die assembly was inverted, 

and the powder was recompacted t o  3000 psi. 

compacts were approximately 50 percent of theoretical density (assumed t o  

be 3.584 g/cm ). 

After colGpressing, the 

3 The die assembly was inserbed between push rods and a 

smal l  preload applied. 

indicator rezeroed t o  the amlied preload t o  correct for the influence of 

The furnace chamber was evacuated arid the load 
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atmospheric pressure on the moving punch. The full test pressure was 

applied t o  the compact before heating the die. After reaching the test 

temperature, the furnace controller w a s  switched t o  the automatic mode 

and the punch displacement m e a s u r i n g  system zeroed, 

was maintained within 2 1 percent throughout each experiment by manually 

The applied load 

controlling the punch displacement rate. 

Bulk Density Determination 

The bulk density of the hoGpressed specimens was detemxined by water 

immersion techniques. Following cold extraction from the graphite die, the 

ends of the specimens were l ightly sanded on 80 g r i t  silicon carbide paper 

t o  r m w e  rough edges and f la t ten the surfaces for  height measurements. 

To remwe surface graphite the specimens were oxidized at 750" C i n  air 

for 24 hours and cooled i n  a desiccator. 

determinations could not be made using standard water imersion techniques; 

Reproducible bulk density 

consequently, the specimens were given a wash coat of cellulose ni t ra te  t o  

preclude water penetration. 

for  the volume of the  wash coat which was typically 0,005 cm 

error of the bulk density determinations was found t o  be less than 0.05 

percent, and the systematic errors are estimated t o  be less than 0.05 percent. 

The reported bulk densities include a correction 
3 The standard 

Data Reduction 

From the final density and height of a compact and the time-displacment 

record, the relative density of a compact at  any time was calculated. The use 
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of true strain is necessary when considering processes which result in 

considerable defomtion; consequently, the instantaneous strain rate 

of a compact was calculated as follows: 

which is equivalent to 

where a decrease in height is assumed to result in a positive strain. 

The resulting densification data for each compact were then fitted by the 

method of least squares to an equation of the following form: 

. 
log E = log C + m log P 

where 

P = instantaneous volume fraction porosity 

C = constant 

Although variations between the actual and nominal test temperatures 

occurred, a l l  graphical presentations of the data are made at the nominal 

test temperature. 

Final Compact Bulk Density 

The major processing parmeters and the resultant bulk density and 

porosity for the vacuum hot-pressed spinel compacts fabricated during this 

investigation are presented in table I. The following observations can be 

ma,de from this table: 
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1. Spinel can be vacuum hot-pressedto near theoretical density at 

temperatures as low as 1WOo Cy with pressures as law as 2500 psi. 

2. When hot-pressed under similar conditions, the bulk density of 

compacts was reproducible (see, for  example, 24, 25, 26, and 27). 

3. The final density of the cornpacts was not strongly dependent on 

the time required t o  reach the pressing temperature (see, fo r  example, 21 

and 22). 

4. A t  moderate temperatures, even at porosities of less than 0.01, 

additional pressing time produced a measurable decrease i n  porosity (see, 

for example, compacts 32 and 33). 

5. When compacts were fabricated at the higher tanperatures and 

pressures there was some indication of an enb-point porosity (see, for  

example, 42 and 43). 

6, A t  temperatures below E6O0 C no appreciable densification of 

the spinel compacts was evident after pressing for as long as 300 minutes 

(see, for  example,. 1, 5, 6, and 8). 

Densification Kinetics 

The final stage densification kinetics of oxide systems (see, for  

example, refs. 8, 9, 10) and systems which have liquid phase (ref . U) 
have been found t o  be i n  agreement with the plast ic  flow model suggested 

by Murray, e t  a1 (ref. 1) which i n  i ts  integral form predicts a l inem 

relationship between log porosity and time. 

relationship also describes densification by diffusional creep (ref . 4). 

For constant grain size, this  
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Typical ho-bpressing kinetics for  the spinel compacts i n  th i s  i n v e s t i w  

t ion are shown in figure 1. 

the spinel compacts are i n  general agreement with the kinetics of the 

Murray expression. At temperatures of 1350" C and above, however, the 

densification behavior of the spinel compacts suggests a change i n  the 

Beluw 1350" C the densification kinetics of 

mechanism and/or mechanisms which control densification. A plot of densific- 

t ion ra te  versus porosity (fig. 2) indicates that with the possible exception 

of the data at 1450" C the exfxapolated data intersected the origin. 

absence of an end-point density is  indicative of a diffusionally controlled 

process (ref. 3). 

mechanism (refs. 12 and 13), then consideration of the grain growth which 

may occur during densification is  appropriate. 

pressing which considers grain gr&h has been proposed by Kovaltschenko 

The 

If densification is controlled by a diffusional creep 

A relationship for hot- 

and Samsonov (ref. 5 ) .  

coefficient of viscosity developed for difflxsional creep (refs. 12 and 13) 

and the parabolic relationship for  normal grain growth into the Murray 

equation. 

and predicted a l inear relationship between log porosity and log time. 

General agreement w i t h  this expression has been observed for  tantalum 

carbide (ref . 14), lead (ref . 15), t i n  (ref. 15) and sodium chloride- 

water compacts (ref. 11). 

(fig. 3) at 1350" C and above was also i n  general agreement with the hype* 

bolic expression. 

the Murray expression above 1350" C was due to the effects of grain growth 

rather than a change i n  the controlling densification mechanism. 

These authors substituted the expression for  

The integral form of the resulting expression was hyperbolic 

The densification behavior of the spinel compacts 

This  agreement would suggest that the deviation f r o m  

10 



I n  stxmmary, the densification behavior of the spinel compacts could 

not be adequately characterized by any single densification model for  

hobpressing. 

ANALYSIS AND DISCUSSION 

In  the following two sections a densification.mte equation is 

presented, i t s  implications discussed, and its applicability demonstrated. 

The densification behavior of the spinel compacts i n  th i s  investigation is 

then characterized i n  terms of the rate equation. 

Development of Rate Equation 

One of the major objectives of this investigation was t o  evaluate 

the applicability of the phenomenological rate equation proposed for 

ho-b-pressing by f(riege1, Palmour, and Choi (ref. 6): 

G = A (Po- e) m n  a exp (-=) Q 

e = st rain based on original compact height 
. de 

d = applied normal gtress 

= initia-l. volume *action porosity 

% = apparent activation energy for  densification 

T = temperature i n  OK 

R = universal gas constant 

A, m, and n = experimentally determined constants 
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Recognizing that (Po- e) is equivalent t o  the instantaneous volume 

fraction porosity and that the use of true s t ra in  is necessary for  processes 

which involve considerable deformation, equation (1) takes the following 

form at constant temperature: 

;=BPI?  

. 
E = st rain ra te  based on instantaneous conpact height 
B = A exp (- w) Q 

P = instantaneous volume fraction porosity 

It is appropriate t o  examine the implications of equation (2), 

particularly i n  view of the fact  that porosity is  treated as an independent 

variable i n  contrast t o  other hot-pressing relationships (refs. 2 and 4) 

which consider porosity as a modifier of the s t ress  which is  effective 

durLng pore closure. 

transferring load and as a consequence several relationships (see, fo r  

Porosity reduces the cross-sectional area of material 

example, refs. 2, 17, and 18) have been proposed t o  calculate an effective 

s t ress  i n  terms of the applied stress and the volume fraction porosity. 

It can be dernonstrated that these relationships are adequately represented 

at  l a w  porosities (P 5 .15) by 

0' = c a p a  e 

where cre is the effective stress and C a n d a  are constants. 

t o  equation (2), porosity and stress can nuw be considered interrelated 

As an alternate 

n 
= K (Q  Pa) (4) 

where K is a constant a t  any temperature. The similarity between equations 



2 and 4 is  obvious. 

i s  therefore reasonable and does not RulctionalJy res t r ic t  porosity as a 

modifier of the applied stress since equation (4) can be modified 

The treatment of porosity as an independent variable 

5 = K (a Pa) n p  P ( 5 )  

so that (m + P )  = (a) i n  equation 2. 

It is of interest to note that for m = 1.1 and n = 1.0 equation ( 5 )  

reduces t o  

- dD = K Oe (P - g) 
d t  

where D = relative density. 

fo r  low d u e s  of porosity, equation (6) yields 

Assuming the squared term t o  be negligible 

dD = K ae (1 - D) ZE 

which is  i n  general agrement with the kinetics suggested for the plastic 

flow model of Murray, e t  a1 (ref. 1) and the diff'usional creep expression 

proposed by Rossi and m a t h  (ref. 4). 

The rate equation (2) suggests a logarithmic relationship between the 

true s t ra in  rate and porosity. 

shown i n  figure 4. 

squares) of the data for each tes t .  Even a t  the higher t e s t  tempemtures, 

the rate  equation appears t o  adeqpately predict the densification kinetics 

observed. The equation does not, however, suggest the change i n  slope 

which was observed i n  the t e s t  at 1260° C at approximately 0.15 porosity. 

The densification data from other tes t s  which include both regimes (fig. 5 )  

!the applicability of this relationship is 

The solid lines represent the best f i t  (method of least  



conf'irm that the change in slope at approxinately P = 0.15 is a function 

of porosity and is not strongly influenced by temperature or pressure. 

Densification Characterization 

In the following sasections, the densification kineties which were 

observed in this investigakion w i l l  be examined using the logarithmic 

form of the rate equation (2) 

0 Q log E = log A 4- m log P + n log u - k 
where k = 0,4343. 

Porosity dependence.- The results of the linear regression on 

log i = log c + m log P (9 )  

are presented in table I for each cmpact. This table also presents the 

correlation coefficient, the degrees of freedom, and the calculated values 

of porosity for a strain rate of O.Ol/minute and 0,0001/minute for each 

regression. 

the square of the correlation coefficient is eqpal to the fraction of the 

strain rate variance which is accounted for by the regression line and the 

degrees of freedom are equal to (N - 2) wliere N is the number of observt+- 
tions of strain rate and porosity included in the regression line, 

For the reader who is unf&liar with statistical terminology, 

For compacts which included both hot-pressing regimes, the fitted 

data include only the law porosity regime (P 5 O , l 5 ) ,  

calculated for strain rates of O,Ol/minute and O.OOOl/ninute for each 

Porosity was 

compact to facilitate comparison of the regression results, Fqr some 
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compacts these calculated porosities represent an extrapolation of the 

densification data. 

The following observations can be made f i a n  table I. 

1. The high correlation coef'ficients indicate t h a t  the regression 

equation adequately describes the densification kinetics which were 

observed. 

2. I n  the high porosity regime a t  temperatures below 1275" C, longer 

pressing time and/or lower f ina l  campact porosity reduced both the slope 

(m) and intercept (log C) of the regression lines. 

3. 3etween 1275 and 1390" C, in the LOW porosity regime, the slopes 

of the regression lines appear t o  be independent of temperature, stress, 

pressing t i m e ,  and final porosity. 

4. Above 1390" C there is an increase in  the slopes of the regression 

lines . 
5. I n  the low porosity regime the intercept of the regression lines 

(log C) generally decreases with increasing stress. 

I n  figures 6, 7, and 8, average regression lines for given applied 

stresses are presented f o r  several test  temperatures. Although there was 

limited densification observed at  1220" C, the regression lines (fig. 6) 

did show that an increase in stress increased the observed strain rate 

for any given porosity and that porosity was not independent of stress 

since the regression lines are not parallel. The steep slope (large value 

for  m) indicates that complete densification will occur slowly, if a t  all. 

The average regression lines in  the low porosity regime a m  presented 

This figure i l lustrates  the following: for the 1350" C tes ts  i n  figure 7. 

(1) the slope (value of m) is approxhately one, (2) an increase i n  the 



applied stress increases the s t ra in  ra te  at any given porosity, and (3) an 

interaction term involving porosity and stress is  not required to f i t  the 

data since the l ines are approximately parallel. Similar kinetics were 

observed for the compacts hot-pressed at 1300" and 1390" C. 

A t  1450" C the slopes of the regression l ines at 867 and 1500 psi  

(fig. 8) were approximxtely one and did not indicate any interaction between 

stress and porosity.. Above 1500 psi, hmever, the regression l ines are 

not paral le l  and an interaction between stress and porosity is clearly 

indicated. 

at higher stresses indicates that the previously mentioned enb-point porosity 

was probably the result of pore entraprnent rather than fai lure  to exceed 

the c r i t i ca l  shear stress of a Binghan solid (ref. 2). 

The intersection of the 1500 ps i  regression l ine  with those 

The average value of the porosity exponent (a) at 1450" C was found 

to be linearly dependent on stress. 

figure 9 which also i l lustrates  the stress independence of (m) at 1350" C. 

This l inear dependency is  shown i n  

The stress dependence of the porosity exponent is inconsistent with the 

consideration of porosity solely as an indicator of the compact i n t e p  

particle contact area, which  at a given porosity w a d  be independent of 

stress . 
Stress dependence.- The stress dependence of the s t ra in  ra te  at 

1350" C wits essentially linear (fig. 10) and was not strongly influenced by 

porosity. 

at 1300" C and 1390" C. 

(fig. 11) was l inear  to 2500 ps i  for 0.05 porosity and to 3500 psi  for 0.05 

porosity. Above these stresses the value of (n) increased and i n  the case 

Linear dependence of s t ra in  ra te  on s t ress  was also observed 

The stress dependence of s t ra in  rate at  1450" C 
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of 0.05 porosity the (n) value increased t o  approximately four suggesting 

a change i n  the mechanism controlling densification. A s b  change Ln 

stress dependency i n  the creep behavior of alumirnnn (ref. 19) has been 

attributed t o  a change i n  mechanixm from one of bulk m i o n  (refs. 12 

and 13) t o  one of dislocation climb proposed by Weertman (ref. 20) The 

present data are consistent with other investigations (refs. 21, 22, and 

23) which indicate general a,greement with the Weerbmm analysis ( i  = Q ) 

for spinel at temperatures above 1350" C. 

4 

Temperature dependence.- The temperature dependence of strain rate at 

2500 psi is shown i n  f igwe 12. Although the apparent activation energy 

for densification decreases i n  a regular manner from 122 Kcal/mole at 

0.25 porosity t o  88 Kcal/mole a t  0.02 porosity, the data were insufficient 

to establish th is  as a real interaction. 

Above 1350" C the decrease i n  apparent activation energy at 2500 psi  

would suggest change i n  the primary mechanism controlling densification. 

This suggestion is supported by the fact that the apparent activation 

energy for  densification between 1350" and 1450" C was also found t o  be 

str.ess dependent (fig. 13) and decreased f r c a n  approxhately 9 ICcal/mole 

at  867 ps i  t o  approximately k0 Kcal/mole a t  5100 psi. 

Nultiple linear regression.- To determine the best values for  the 

coefficients of the independent variables, the densification daAa i n  the 

fuw porosity regime (P 5 0.15) were f i t t ed  (method of least  squares) t o  

a linear regression equation: 

(10) 
Q 1  log k = bo f m log P + n log 0 - 0.4343 - (-) R T  



Because of the changing character of densification above 1 3 9 "  Cy the data - 
at 14%)" C were excluded f r o m  the regression. 

and their associated 95 percent confidence intervals were as follows: 

The calculated coefficients 

bo = 6.98 
+ 
4- 

m = 1.20 - 0.05 
n = 1.05 - 0.10 

-I- Q (Kcal/mole) = 87.5 - 3.2 

An analysis of variance for the multiple regression indicated that the 

chosen variables were highly significant and that more than 95 percent of 

the observed strain rate variance was explained by the regression. 

The coefficients for porosity and stress (m and n) were used to 

determine a densification rate constant, K, as follows: 

0 

log K = log .E - m log P- n log cr (1.1) 

The temperature dependence of K is presented as an Arrhenius plot in 

figure 14. 

and 1390" C for all applied stresses using the calculated values for m and 

no 

In this figure, the average of K was determined between 1.260~ 

The data at 1450" C are shown for stresses of 867y 1500 and 2500 psi. 

This figure in conjunction with the previous discussion of strain rate 

dependence on porosity and stress, clearly demonstrates the empirical 

independence of porosity suggested by the rate equation below 1390" C. 

The results ( m > l )  also indicate that the consideration of porosity solely 

as a stress modifier m y  be overly restrictive. The calculated values of 

K at 1450" C are also consistent with the decrease in the apparent activation 

energy previously discussed for densification as a function of stress at 

stresses below the transition in strain rate-stress dependency. 
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Densification Mechanisms 

In  this section the primarymechanisms tho@& to be operative during 

the densification of magnesium aluminate by ho+pressing are qualitatively 

discussed, While the mechanisms proposed are by no meam considered 

conclusive, they are supported by the expex5mental evidence o f t h i s  

investigation. 

A t  temperatures below 1350" C the densification behavior is simiLar 

to other oxide ceramics; i.e., an initial region of rapid densif%cation 

followed by a sluwer final process. 

dependence of strain ra te  observed at P = 0.15 separates these regions 

The sharp change in  the porosity 

and is consistent with the geametrical restrictions on plastic f l a w  at 

grain contacts which have been discussed by Coble and Ellis (ref. 24). 

Although a gra iks ize  dependency was not established, the viscous behavior 

of the compacts and the lack of an en&-point porosity were both i n  general 

agreement with the Nabam-Herring dispUSiona1 creep mechanism, 

The follcrwSng indicate thak the lack of l inearity observed i n  the 

log porosity - time p lo t  (fig, 1 )  above 1300" C was probably due t o  the 

effects of grain growth rather than a change i n  the mechanism or  mechaaisms 

controlling densification: 

1. The lack of a stress-porosity in-tertyAion. 

2. No change i n  the stress or temperature dependence of s t ra in  rate. 

3. Agreement with the hyperbolic rate equa-bion. 

This hypothesis lends *her support t o  the suggestion that densification 

was controlled by a diff'usional creep mechanism since the Murray plastic 

f l a w  model (ref. 1 )  does nbt- suggest a grain size dependency. 



A t  1450" C the following suggest a transition i n  the primary densifi- 

cation mechanism t o  one involving plastic flow: 

1. An interaction between stress and porosity. 

2. An increase i n  the s t ra in  ra te  dependence on stress. 

3. A st ress  sens apparent activation energy. 
4 The strain rat&stress dependence (2 = 0 ) at the higher stresses suggests 

a plastic fluw mechanism i n  agrement with the Weertman relation. Since 

this model i s  also based on a diffusionally controlled process (climb of 

dislocations), a change i n  the ionic species controlling the final stages 

of densification is necessaryto resolve the conflict. 

conflict may be explained by: 

diffusion (presumably one of the cations) and dislocation motion are 

different; (2) the change is the result  of a deviation from stoichiometry. 

The first possibility can be supported by referring t o  the evidence for  

alumina which suggests cation control for h l k  diffusion processes (see, 

for example, refs. 4 and 25) and anion control f o r  dislocation motion 

(refs. 26 and 27). 

reduction which occurs when spinel i s  hoOpressed i n  graphite dies 

(ref. 6). 

activation energy have been observed i n  the creep behavior of ru t i l e  (ref. 28). 

The l inear dependence of s t ra in  rate on stress and the s t ress  sensitivity of 

the apparent activation energy provide support for the Peierls-Nabarro 

mechanism during the transition (ref . 27). 

This apparent 

(1) the ionic species which control bulk 

The second possibility may be the result of the 

Similar deviations i n  stoichmetry and a change i n  the apparent 
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CONCLUSImS 

A n  investigation was made t o  characterize the densification behavior 

of magnesium aluminate during vacuum hot-pressing and to examine the 

applicability of a phenomenological rate equation. 

are made for  the results presented herein: 

The follaSing conclusions 

1. The densification kinetics observed below 1450" C c m  be represented 

by the following 

.' 
E =  

rate equation: 

(9-53 x 10 6 1 P 1.20 ,1.05 exP ? 7 F )  

for  values of porosity 5 0.15. 

2. A t  constant temperature the s t ra in  rate dependence on porosity 

increased for  P > 0.15. 

3. For temperatures between 1200" and 1350" C the densification 

characteristics of magnesium aluminate are similar to those reported for  

other oxide systems. 

4. A t  1350" C and above neither diffusional creep models nor plast ic  

f l o w  models adeqmtely described the densification behavior observed. 

Between 1350" and 1450" C the apparent activation energy for  densification 

was found t o  be s t ress  dependent. 

dependence of the densification rate and an interaction between s t ress  

and porosity indicated that plastic f l a w  by dislocation motion was probably 

A t  1450" C an increase i n  the s t ress  

an operative mechanism during densification.. 

5.  High densification rates at 1450" C for  stresses of 2500 psi and 

above appeared to inhibit  complete densification, possibly because of 

pore entrapment. 
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6 .  A t  1350" C under an applied stress of 2500 psi, magnesium 

aluminate (appro;ximately 98.5 percent pure) can be vacuurn hotpressed to 

99.5 percent of theoretical density in  approximately two hours. 
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TABLE I.- FABRICATION PARAMETERS, BULK DENSITY, POROSITY, AND RESULTS OF LINEAR 

- 
3mpact 
umber 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

41 
42 
43 
44 

(a) 

- 

Test 
mperature 

OC 

1174 
1200 
1220 
1230 
1200 
1220 
1200 
1220 
1220 
1220 

1260 
1275 
1300 
1300 
1300 
1295 
1354 
1360 
1355 
1358 

1350 
1354 
1352 
1353 
1350 
1350 
1352 
1356 
1360 
1350 

1352 
1360 
1360 
1390 
1390 
1390 
1390 
1465 
1460 
1450 

1440 
1455 
1448 
1458 

REGRESSION (log B = log C + m log P) FOR MAGNESNM ALUMINATE COMPACTS 

~ 

Lppliec 
stress, 

psi 

2500 
500 
500 
1000 
1000 
1040 
2000 
2500 
3000 
3000 

2500 
2500 
1040 
2500 
2500 
2500 
867 
867 
1500 
2500 

2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
2500 
3500 

3500 
5133 
5133 
1460 
2500 
2500 
2500 
867 
1500 
2500 

2500 
3500 
3500 
5133 

- 

- 

Time to 
mperature 
min 

21 
30 
33 
35 
17 
21 
32 
21 
34 
27 

23 
19 
19 
19 
21 . 
19 
47 
20 
31 
17 

20 
47 
31 
18 
19 
20 
32 
24 
17 
19 

45 
18 
16 
21 
21 
19 
21 
19 
22 
19 

17 
25 
20 
20 

:ompacts were not pressed in nun 

- 
'ress 
ime, 
mm 

405 
30 
60 
61 
206 
399 
60 
300 
60 
120 

340 
359 
241 
219 
300 
336 
120 
278 
120 
22 

56 
57 
60 
120 
123 
120 
120 
180 
278 
60 

120 
60 
120 
292 
111 
153 
157 
120 
120 
100 

120 
60 
180 
120 

- 

- 
Blllk 
ansity 
z h 3  - 
2.712 
2.308 
2.379 

2.649 
2.847 
2.667 
3.095 
2.684 

2.488 

2.875 

3.459 
3.534 
3.379 
3.546 
3.554 
3.561 
3.282 
3.49 0 
3.477 
3.321 

3.466 
3.465 
3.446 
3.541 
3.552 
3.543 
3.529 
3.574 
3.577 
3.516 

3.527 
3.557 
3.568 
3.570 
3.567 
3.569 
3.568 
3.561 
3.569 
3.570 

3.569 
3.573 
3.564 
3.572 

red sequence. 
Sased on pore free bulk density of 3.584g/cm3. 

'orosity 

(b) 

0.2434 
.3560 
.3363 
.3058 
2608 
.2057 
.2559 
.1364 
2511 
.1978 

.0348 

.0139 

.0572 

.0106 

.0083 

.0065 

.0842 

.0264 

.0299 

.0734 

.0331 

.0332 

.0385 

.0121 

.0089 

.0115 

.0154 

.0029 

.0020 

.b191 

.0158 

.OW5 

.0045 

.0040 

.0047 

.0042 

.0045 

.0064 

.0042 

.0040 

.0042 

.0031 

.0056 

.0033 

- 

Log c 

2.35 
- 

3.77 
2.85 
1.13 
2.76 
.574 
.644 

.a91 

.111 

-1.12 

----- 
-1.85 
----- 
-1.58 
-1.79 
-1.74 
-1.65 

-1.47 
-1.65 

-A3 

-1.03 
-1.56 
-1.03 
-1.14 
-1.02 
-1.12 
-1.34 
-1.14 

-.88 
-1.02 

-1.47 
-1.01 

-1.23 
-.11: 
-.93 
-.go 
-1.02 
-.IO 
-.33 

.04 
-.03 
1.17 
1.60 

-.7a: 

- 

m 

- 
3.40 
1.78 
2.68 
3.09 
1.12 
3.50 
8.12 
2.89 
8.49 
1.46 
--- 
1.16 

1.14 
1.07 
1.11 
1.37 
1.33 
1.21 
1.57 

1.32 
.9 1 
1.39 
1.31 
1.32 
1.28 
1.18 
1.23 
1.38 
1.23 

1.11 
1.09 
1.26 
1.11 
1.04 

1.29 
1.29 
1.39 
1.53 

1.76 
1.5C 
2.52 
2.44 

--- 

1.20 

- 

orrelatior 
:oefficient 

0.957 
.971 
-966 
-930 
.976 
.970 
.962 
.951 
.971 
.970 
---- 
.960 

.992 

.986 
-986 
350 
.992 
.943 
.941 

.957 

.go9 

.979 

.976 

.992 

.992 

.978 

.985 

.994 

.978 

.968 

.982 

.957 

.987 

.979 

.966 

.990 

.990 

.968 

.959 

.965 

.971 

.907 

--L- 

.9a7 

3 ression 
fegrees 
d freedm 

15 
15 
23 
17 
25 
22- 
20 
12 
16 
29 
-- 
24 

13 
7 
19 
9 
11 

6 

10 
9 
14 
19 
12 
10 
17 
14 
17 
10 

18 
10 
18 
13 
7 
6 
8 
12 
11 
15 

11 
6 
8 
3 

-- 

ia 

Calculat 

= 1.x 10-4 
m-1 

0.2450 
.2978 
.2880 
.2323 
.2467 

.1742 

.lo05 

.1765 

.1343 

.ioai 

----- 
-0139 

.0073 

.0086 
. .0091 
.0190 
.0172 
.0081 
.0072 

.0056 

.0021 

.0073 

.0065 

.0056 

.0057 

.0056 

.0047 

.0056 

.0036 

.0051 

.0018 

.0023 

.0031 
-0018 
-0028 
-0039 
.0048 
.0043 
.0040 

.0051 

.0022 
-0089 
.0051 

----- 

porosity 

min-1 
= 1 x 10-2, 

0.3814 
.4067 
.4141 
.4104 
.3733 
.4022 
.3698 
.4947 
.3587 
.3772 
----- 
.7455 

.4242 
A413 
.5363 
.5551 
.5428 
.3676 
,1341 

.1846 

.3297 

.2012 

.2201 

.1808 
,2052 
.2783 
.1985 
.1560 
.1576 

.3299 

.1247 

.1077 

.2025 

.1472 

.1286 

.1402 

.17 19 

.1164 

----- 

.0a16 

.0699 

.0482 

.0553 

.0335 
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